Abstract: Power-to-gas is a promising option for storing interment renewables, nuclear baseload power, and distributed energy and it is a novel concept for the transition to increased renewable content of current fuels with an ultimate goal of transition to a sustainable low-carbon future energy system that interconnects power, transportation sectors and thermal energy demand all together.
Introduction
Power-to-gas (P2G) is the process of converting electricity into gaseous hydrogen fuel and one possible way is using the existing natural gas infrastructure for storage and distribution of the hydrogen enriched stream. As such, Power-to-gas bridges the electricity utility and natural gas grid to provide a fossil-free transportation fuel. This work will detail the applications of P2G and examine the efficiency of each application "pathway", and finally discuss how P2G can operate as a transition to future energy systems. This novel concept of the energy storage for future energy systems first emerged in Europe, specifically in Germany [1, 2] , where companies such as E.ON (North Rhine-Westphalia, Germany), EnBW (Karlsruhe, Germany) and GDF Suez (Courbevoie, France) are its pioneers [3] . The common aspect of P2G applications or "pathways" is the use of large scale electrolysers allowing for the convergence of utility and natural gas systems. Energy storage concepts such as "Power-to-gas" with hydrogen could significantly contribute to country's energy management needs by: enabling increased use of interment renewable sources of power, such as wind and solar [4] [5] [6] [7] , making efficient use of excess off-peak baseload nuclear power, and thus, improving life cycle emissions from power generation and transportation sectors [8, 9] . Since P2G employs the current natural gas infrastructure, it provides an incremental transition to the greenhouse gas (GHG) emission free hydrogen economy [10] . More importantly this concept is for increasing the renewables and CO 2 -free, i.e., nuclear content into currently used fuels, specifically natural gas and liquid transportation ones. The low-cost and low-emissions off-peak surplus electricity is converted into hydrogen, which is used through different methods by going to the industrial applications or transportation [11] . If the hydrogen is not required immediately, it is stored for later use, including the potential for seasonal storage, which is especially interesting for power generation systems with a large amount of power [12] . Moreover, hydrogen can be injected into the natural gas network considering a maximum volume concentration [13] . Some advantages of P2G are as follows [10, [14] [15] [16] [17] [18] [19] [20] [21] :
• It uses proven commercialized electrolyzer technology; • It can be incrementally implemented to match changing infrastructure needs; • It has proven ability to provide auxiliary electrical services; • It provides highest energy storage density of currently available energy storage technologies; • It can store and distribute energy in existing natural gas infrastructure including underground (salt caverns, depleted oil and gas wells, or existing natural gas storage sites) on a large scale and at lower cost, or as compressed gas or liquefied hydrogen in storage tanks; • It is able to increase the renewable content of end-use petroleum fuels without the need to change vehicle technology or refueling infrastructure; • It is able to store and distribute the energy into exiting natural gas infrastructure thus reducing the capital investment cost by leveraging existing infrastructure; • It is able to store the energy for long periods, including from season to season; • It can be coupled with increased biogas generation to develop renewable natural gas providing CO 2 sequestration through methanation; • It uses the hydrogen as a transportation fuel; and,
•
It advances clean technology use in the industry sector creating economic development.
In addition to the strengths of P2G to be used for energy storage and as fuel for current transportation technology, the generation of hydrogen from clean electricity will help to usher in a new era of hydrogen vehicles and a "hydrogen economy" [22] . Many, if not most major vehicle manufactures have shifted their strategy to include hydrogen vehicles [23, 24] . Hydrogen as an energy vector is generated from various energy resources such as fossil fuel, renewables as well as carbon-free nuclear power. This has led to the development of the "hydrogen economy" concept which concentrates on the study of the economic aspects associated with the production, distribution, and utilization of hydrogen in energy systems [25] . Hydrogen is a desirable long-term energy vector that can be stored and can be used to generate electricity; it can be produced from a diversified range of production pathways, it represents a secure energy supply, and when used in transportation applications it results in decreasing urban pollution and greenhouse gases (GHG) emissions [25] . From the electrical grid management point of view, the use of hydrogen as an energy carrier is appealing in the context of energy storage which impacts on competitive electricity markets, that is, enabling advantages to be taken of the significant price differences between peak and lower price hours (which may or may not necessarily coincide with peak and off-peak demand hours), and thus enables increased penetration of intermittent wind and solar energy, as well as GHG free nuclear power, so from a long-term viewpoint the 'hydrogen economy' represents a possible low-carbon economy.
Importance of Natural Gas in Transition to Fossil-Free Economy
There is an abundance of natural gas resources and natural gas distribution infrastructure, and the price is projected to be low for some time. Thus, electrons are clearly not the only way to move and store energy, and in many cases not the best way, as moving energy via natural gas pipeline is more efficient with less energy losses [26, 27] . In the short term, natural gas provides an opportunity for immediate phase-out of coal, and to make immediate and significant advancements in transportation emissions, especially on fleet vehicles. Natural gas replacement of diesel fuel in Class 8 large fleet vehicles would significantly contribute to the reduction of air pollution [28, 29] . Thus natural gas may not necessarily be part of the zero-carbon distant future, but is certainly part of the lower-carbon and lower-emission reality in the near term and a very useful transition technology with an abundance of infrastructure in place at this time. Few specific policies are needed to initiate the development of P2G in the near term, besides strong vehicle emission regulations and carbon taxes which will drive this transition naturally, but certainly government incentives can accelerate this transition [30, 31] . Note, as will be shown later one advantage of P2G is that it can be implemented incrementally, but each project implementation is a step towards a sustainable low-carbon economy, and any built additional infrastructure is effective, not only for the immediate application, but also for hydrogen vehicle refueling in the long-term. Most importantly, P2G can immediately enable the effective use of intermittent renewables and excess off-peak baseload nuclear power to increase the renewable energy content in current natural gas infrastructure or current vehicles.
Importance of Hydrogen to World
Hydrogen as a flexible and near-zero emission energy vector has a variety of applications in all energy sectors. Despite the fact that hydrogen is a chemical component that is plentiful in Nature, hydrogen can be produced using electricity. This hydrogen can be used as a fuel for electricity production again, however, this "pathway" application is still costly and has lower round trip efficiencies than battery storage. Currently, hydrogen is produced from different resources including, renewables and fossil fuels [32] . Electricity is another option for hydrogen production by means of electrolysis and water. Hydrogen itself has no carbon emissions if burned in a gas turbine or used in fuel cells. However, the process of hydrogen production from different energy sources may imply carbon emissions that should be considered in the life cycle assessment of the hydrogen production during the transition [33] . Hydrogen is a promising fuel for future road transport, thanks to fuel cell vehicles as a low-carbon option to internal combustion engine (ICE) vehicles. Furthermore, since the electricity utility infrastructure may not support the distribution capacity for the near-zero emission transportation by electric vehicles [34] , both fuel cell vehicles and electric vehicles are needed and both are likely to command part of the market share in the long term. In the residential sector, micro combined heat and power systems can increase energy efficiency. In industry, the refining process and chemical industries can be decarbonized through the use of electrolytic hydrogen. The flexibility of the energy systems can be increased by the production of hydrogen from electricity and its storage, allowing for the high contribution of intermittent renewable energy. Moreover, hydrogen can be converted to different forms of final energy, namely, heat, power, as well as other types of fuels [35] .
The keys to the energy systems based on a low-carbon footprint are flexibility and system integration. The integration of intermittent renewables and the variation of electricity demand and temporal fluctuations on daily and seasonal basis into the energy systems requires the operational flexibility of the power systems, which implies the need for the energy storage. Energy storage systems can be categorized by its capacity based on the input and output power and their discharge period. In line with project maintaining climate change to an increase of 2 • C scenarios, electricity storage systems accounts for up to 8% of the overall power capacity installed by 2050 [36] . Hydrogen-based technologies are suitable for broader range of storage applications including large-scale electricity storage applications at the megawatt scale, covering hourly to seasonal storage times.
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As shown in Figure 1 , the surplus power can be converted into hydrogen by means of an electrolyser [29, 37] . This hydrogen can then be directly utilized or converted to low-carbon methane which requires an additional process and consecutively results in higher cost and lower energy conversion efficiency. Each process or energy conversion/storage technology entails losses. The energy losses are acceptable in cases that the surplus electricity cannot be utilized for another application or its production must be curtailed (e.g., shedding of wind power, or dumping heat at nuclear power plants which take place in Ontario at this time). This hydrogen or low-carbon methane can be injected to natural gas pipeline to be used for residential heat purposes or for micro-combined heat and power systems (CHP) or for large-scale gas turbine, which has a lower CO 2 emissions compared to the current conventional natural gas [38] . Moreover, in addition to that, hydrogen or HENG can be utilized for the low-carbon transportation applications (e.g., either natural gas vehicles running on HENG or hydrogen fuel cell vehicles). The utilization of the hydrogen can be seasonal or daily usage. 
Power to Hydrogen to Natural Gas End-Users Pipeline Blending (HENG)
Hydrogen generated from surplus power including renewable energies can be injected to natural gas pipelines to decarbonize natural gas via direct blending to make hydrogen-enriched natural gas (HENG). This concept demonstrates the feasibility of hydrogen blending to natural gas up to at most 10% without major effect on the existing natural gas infrastructure [39] or end-use equipment. This HENG has lower CO 2 emissions compared to the natural gas, and can be used for different purposes such as heating, electricity generation, or as a fuel for the transportation sector, without any modification to the equipment of HENG systems.
The electrolytic hydrogen which is produced by this method can be injected into the natural gas transportation or distribution pipelines, up to the certain limits. This limitation which is based on the fraction of the hydrogen allowable in the natural gas can be in the range of 5 to 20% for different applications [40] [41] [42] [43] . Note that even with these concentrations, there is a need to build and install many electrolysers [31] . Moreover, hydrogen storage tanks are required as a buffer to balance the supply and demand of hydrogen. Since a part of grid electricity is from intermittent renewable energy, and due to the natural gas demand profile, there is need for energy storage systems. The optimum capacity of the storage systems is a challenging problem that is discussed in many related literatures. Literature results suggest that although considering the hydrogen storage systems' added complexity and more cost to the power-to-gas systems, they increase the performance of the whole system [14] .
We note that society could achieve great benefits with the conversion of diesel Class 8 vehicles to natural gas. With P2G, these vehicles could also be fueled with the hydrogen enriched natural gas, without making any changes to the natural gas infrastructure thus increasing renewables and low-carbon contents in this fuel.
Key Technologies: Electrolyser, low-pressure compression, storage systems (optional), transmission and distribution pipelines Qualitative Benefits: this pathway requires minimal incremental investment and can address the immediate need for energy storage. Moreover, it can reduce the need to shed or sell energy for loss, thus leading to lower Global Adjustment expenditures in Ontario.
Technology Limitations and Outstanding Questions
The allowable fraction of hydrogen in natural gas pipelines has several limitations. There are different key issues related to blending hydrogen into natural gas pipelines such as its effect on the end-user systems, safety and risk associated with blending hydrogen into natural gas, durability of pipeline materials, and leakage of hydrogen from pipelines.
Effect on the end-user systems: The effect of hydrogen blending into natural gas for end-user appliances namely, furnaces, boilers, and power generators depends on various factors including the natural gas composition, type of appliances or engine and their ages. Acceptable ranges for end-users fall between 5% and 20% of hydrogen and higher hydrogen blending may result in more cost [39, 44, 45] .
Compression stations and compressed natural gas (CNG) tanks have a limitation of up to 2% for hydrogen concentration, while dried, compressed blended hydrogen up to 20% in natural gas for dispensing to CNG vehicles are favorable due to higher performance [39] . Current installed gas turbines have a limitation up to 1%, but hydrogen concentrations up to 5-15% can be attained with new adjustments and upgraded types. Hydrogen content in gas engines should not exceed 2%, however, higher concentrations (up to 10%) are possible with simple control system upgrades [36, 42] .
Safety and risk associated to blending hydrogen into natural gas: Safety and risk analysis are two important issues that should be considered when blending hydrogen into natural gas pipelines that depend on the hydrogen concentration, pipeline types and material, as well as failure mode conditions [40] . The main concern regarding the risk of blending hydrogen into natural gas pipelines is the possibility of ignition. The literature [40, 46, 47] shows that natural gas systems enjoy a lower risk of severe accidents than large-scale power plants such as coal and nuclear, however, they pose a higher risk than renewable systems such as solar PV and wind [47] . Moreover, the risk associated with the transmission and distribution pipelines may be different, for instance, the distribution systems should be reassessed for the severity of the explosion, when near urban areas. Findings suggests that up to 20% of the hydrogen in a pipeline results in a minor increased ignition risk and in a case of natural gas leakage that results in explosion, there is a minor increase in the severity of the explosion [40] . Certainly in the initial stages of implementation (and for many years) concentrations in the natural gas system will be well below 2%, and thus represent no significant risk increase over natural gas itself.
Durability of pipeline materials:
The material of pipelines may degrade faster when hydrogen is blended into natural gas, especially at a higher pressure and higher concentrations of hydrogen. This can be an issue for blending high concentrations of hydrogen into transmission pipelines, while at the distribution level, hydrogen is not a major concern for the steel pipelines. Many materials such as ductile iron, cast, as well as polyethylene which are used for the distribution pipeline are compatible with hydrogen [40] . Reference [39] suggested that fatigue and hydrogen embrittlement do not happen for concentrations up to a maximum of 10% hydrogen in natural gas for any type of material, thus once again in the initial stages of implementation no increase significant risks are anticipated.
Leakage of hydrogen from pipelines: Hydrogen is lighter than methane and can leak from pipeline fittings. The permeation rate of hydrogen is 4 to 5 times faster than methane and it can permeate more from walls rather than joints. However, the literature suggests that up to 20% hydrogen in natural gas is needed in order to have the same order of the leakage [40, 43] , so no increase significant risks are anticipated.
Power to Increase Renewable Content in Petroleum Fuels
The Renewable Fuel Standard was enacted in the U.S. several years ago to reduce the dependency on imported oil and promote the renewable fuel industry. Since then, oil companies started blending biofuels, typically ethanol, into the distributed gasoline in the range of 5-10%. They also aim to reduce the carbon emissions released from cars during burning gasoline by increasing the oxygen content in the fuel [48, 49] . However, ethanol has a lower energy output while its production can have an associated life cycle emissions and feedstocks are limited [50] [51] [52] . Therefore, the renewable electrolytic hydrogen can be recognized as a potential method for increasing the renewable energy within current transportation fuels without changing the quality or composition of the fuel itself. The life cycle emissions for traditional petroleum fuels, such as gasoline and diesel, start with crude extraction, crude transport, crude refining, petroleum fuels transportation and distribution, and finally vehicle consumption [53, 54] . Each stage of the life cycle assessment contributes to the carbon intensity of gasoline and diesel. Unlike Steam Methane Reforming (SMR), hydrogen production from electrolysis has a significant low-carbon footprint when the electricity grid is powered by mostly renewables like in the province of Ontario [55, 56] . The challenge for implementing electrolysis technology for the refining industry is the production cost compared to SMR as SMR normally has a lower production cost. Nevertheless, refiners will consider implementing electrolysis hydrogen, if provided environmental incentives from the government to meet the carbon intensity reduction target of gasoline as these regulations have been implemented in the U.S. and Europe [49, 57] .
Key Technologies: Electrolyser, low pressure compression, storage systems (optional). Qualitative Benefits: This pathway reduces the carbon intensity of petroleum fuels through the use of power-to-gas for oil refining, increases the renewable content in petroleum fuels, and decarbonizes the transportation sector on the life-cycle basis without the need to convert current vehicle power training or refueling infrastructure. This 'pathway' is also complimentary with the addition of ethanol to gasoline, so the benefits of both methods for the introduction of renewable content can be applied at the same time.
Power to Power
Surplus power can be converted into hydrogen via electrolysers, pressurized and stored in storage systems, and then utilized when needed through fuel cells or hydrogen gas turbines. The main concern about this pathway is the additional technologies have a potential of increasing the energy losses and cost, as fuel cells will be required in the facility. Moreover, the round trip efficiency is lower than battery energy storage. Nevertheless, this pathway can be favorable in remote applications or the emergency situation with a blackout and could also provide extended back-up power applications.
Key technologies: Electrolyser, low-pressure storage and compression, fuel cell. Qualitative Benefits: To be competitive this pathway is beneficial for off-grid communities (e.g., mining sites [58, 59] , for smart grids and load leveling and as an aid to match energy supply and demand in power systems [60] . Thus this pathway would be a good option for storage of intermittent wind and solar energies and the proper use of excess baseload nuclear-based power in Ontario when integrated within a microgrid that includes a hydrogen refueling infrastructure or hydrogen industrial applications. Simple P2G can be used to provide power when and where it needed while being decoupled from the originating power generation profile which may not match the power demand profile.
Power-to-Gas to Seasonal Energy Storage to Electricity
Hydrogen produced from surplus electricity can be stored underground for a long term to be used when needed. Hydrogen storage along with natural gas storage can be utilized for electricity generation in large-scale natural gas-based power plants such as gas turbines or combined cycle power plants, or it can be separated from other gases to be consumed in fuel cells for electricity generation.
Key technologies: Electrolyser, low-pressure compression, underground storage, transmission pipelines, and natural gas-based power plants.
Qualitative Benefits: This pathway is an advantageous alternative for properly using wind energies as it is mostly available in spring and fall in Ontario (when electricity demand is low), for daily and weekly variation in energy demand, and it is useful for load leveling of baseload nuclear power in Ontario.
Power to Hydrogen for Zero Emission Transportation
Use as a transportation fuel is the other scenario for hydrogen. Hydrogen is compressed and stored at refueling stations at high pressure ranging from 300 to 700 bar for hydrogen vehicles or lift trucks. Note that 99.995% pure hydrogen is required for this application.
Hydrogen fuel cell vehicles can truly have zero emissions on a well-to-wheels basis when fueled with hydrogen that has been produced by electricity supplied from nuclear, hydro, wind or solar sources [61] . However, even when fuel cells use hydrogen made from natural gas, the GHG reductions are significantly less than for gasoline internal combustion engine (ICE) vehicles. The roadmap of hydrogen as a future transportation fuel relies on factors such as the fuel cell vehicle availability and the development of hydrogen refueling stations.
Key technologies: Electrolyser, low-pressure compression and storage, high-pressure compression for refueling station, hydrogen fuel cell vehicles (FVC) and forklifts.
Qualitative Benefits: This pathway is a promising opportunity for zero emission transportation systems in an urban area; it can integrate the electrical and transport energy sectors and there is no requirement to upgrade electricity distribution systems as required for battery electric vehicles, so it will be a mix of transportation technologies for future energy systems that consumers will have a preference to choose their type of vehicles. The use of hydrogen fuel cell vehicles (FCV) in urban areas will result in significant improvement of urban air quality, and the associated benefits in society's health outcomes. In both the short and long terms battery electric vehicles and fuel cell vehicle are complementary technologies with each technology being more desirable in different specific transportation applications.
Power to Seasonal Storage for Transportation
Hydrogen produced from surplus power via an electrolyser can be pressurized and stored in underground storage facilities such as salt caverns or depleted oil and gas reservoirs. In a case of transportation needs, the hydrogen can be separated from other gases via Pressure Swing Adsorption (PSA) and sent to the end users. This pathway is the same as "Power to Hydrogen for Zero Emission Transportation" with similar benefits, but an additional benefit is that the hydrogen is generated when intermittent renewable energy is plentiful, i.e., spring and fall in Ontario, and used year round in the transportation application. As such, this pathway is a long-term application where there is very high penetration of wind energy or high penetration of baseload nuclear, and large capacities of sessional energy storage is required.
Key technologies: Electrolyser, low-pressure compression, underground storage, hydrogen separation technologies, high-pressure compression for refueling station.
Power to Microgrid
Urban communities are struggling with technical issues such as electricity grid congestion at peak demand times, and underutilized excess power distribution infrastructure during off-peak hours due to the intermittency of renewable energies, such as solar power in urban areas and mismatch between supply and demand. P2G is an alternative for the energy storage in the form of hydrogen within micro grid, which can then be utilized for variety of microgrid energy requirements such as transportation demands, or to be converted into electricity for electricity use within the community [62] . It is also beneficial for remote off-grid communities and mining sites where larger energy storage capacities are needed [59, 63] .
Key technologies: Electrolyser, low-pressure energy storage and compression, fuel cells.
Power to Renewable Natural Gas (RNG) to Pipeline ("Methanation")
Hydrogen combined with carbon dioxide can used to create a stream of renewable natural gas which can mixed with the natural gas distribution system. This methane production from electricity has a higher energy loss and cost compared to the simple hydrogen production and blending. However, the clear benefit of renewable methane is that there are no limitations on the amount of blending into the natural gas distribution system and moreover, there is a carbon capture step that converts the carbon dioxide (CO 2 ) into renewable natural gas (RNG) [64] . This alternative can even be complimentary with the first pathway in which hydrogen can be injected to the natural gas pipeline up to the allowable limit and the remaining hydrogen can be converted to methane via methanation [65] . This process can occur inside a chemical reactor, biological reactor, or by natural methanation in underground storage. Since methanation is not a fully developed technology, some important factors should be taken in to account, namely, the purity of carbon dioxide, and the quality of synthesis methane. In a case of the production of low-quality synthetic methane, an additional gas cleaning process will be required. As example of power to RNG plants from surplus power and carbon capture have been demonstrated in a pre-commercial application in Germany [1, 18, 66, 67] .
Key technologies: Electrolyser, low-pressure energy storage and compression, methanation reactor, gas clean-up, injection of renewable natural gas to natural gas pipelines.
Qualitative Benefits: Carbon sequestration from biogas production or industrial processes such as cement production.
Power to Renewable Natural Gas (RNG) to Seasonal Storage
Once renewable methane (RNG) is produced from surplus electricity it can be stored in underground storage and utilized when needed. Thus, methanation can be matched to an ongoing industrial or agricultural operation for carbon sequestration, and is not dependent on natural gas demand [68] .
Key technologies: Electrolyser, low-pressure compression, methanation reactor, gas clean-up, underground storage, injection of RNG into natural gas pipelines.
Summary of Key Power-to-Gas Technologies

Electrolyser
Electrolysers (Els) are the technologies at the core of P2G systems to convert electricity into fuel. There are different types of electrolysers, including alkaline and polymer electrolyte membrane (PEM), and solid oxide membrane (SO). The most mature and affordable ones, which have been commercial since 1920s [69] , are the alkaline electrolysors [70] , however, PEM electolysors, which are in early state commercialization have higher potential for cost reduction, durability, and efficiency improvement in the future [69] . Solid oxide electrolysors have the potential for even greater efficiency gain, however they operate at high temperature and are still in the research phase of development [36] . PEM electrolysers also have intrinsic benefits with regards to the higher current density and operational flexibility in terms of dynamic response and frequency regulation which are precondition for the future capital cost reduction. The operation flexibility is a key advantages of PEM electrolysers for the utility electricity grid when load should be immediately ramp up or down from the point of the normal operation [69, 71] , and the potential to provide auxiliary services would increase the technology's availability factor. Moreover, the performance of PEM electrolysers is maintained at elevated pressure unlike alkaline ones [72] which is a benefit for future P2G systems, because they can reduce the compression requirement for storage systems [69] . As of today, the rate of hydrogen production per stack and cell lifetime is amongst the limiting factors for PEM electrolysers [36, 70] , but they are expected to surpass alkaline technology in the near future.
The technical, operational, and economic information of the two most applicable electrolysers (alkaline and PEM electrolysers) are listed in the following table. This information has been gathered based on the different manufacturers' data and existing literature. The "current perspective" represents commercial or pre-commercial applications with a time frame of up to ten years, whereas long term planning is based on the future technologies with the improvement of their cost and performance, with a period of more than ten years ahead.
During the lifetime of PEM electrolysers, the stack needs to be refurbished every 60,000 to 65,000 h of operation. If a P2G plant were operated fully (24 h per day and 7 days per week), this would mean two stack refurbishments over the life of the plant. If the P2G plant were operated 16 h a day as a vision for a H 2 fleet fueling application, there were be one stack refurbishment over the life of the plant. At future commercial production volumes, the estimated cost of a stack refurbishment would be about 35% of its capital cost for a turnkey electrolyser system [73, 74] .
The investment cost of alkaline electrolysers is less than that of the PEM electrolysers, which is around $1000 per kW [72] , however, this cost can be changed based on the specific size and thermodynamic condition [36, 75, 76] . The cost of PEM electrolysis is around $2000 per kW, which is estimated by E&E consultants to be $1300 per kW in future years [48] . The technical, operational, and economic data of alkaline and PEM electrolysers are summarized in Table 1 . Summary Lower degradation rate/higher durability as they are currently a mature technology, and higher H 2 production rate high.
Higher current density, higher efficiency, lower hydrogen production rate per stack, better for operation in terms of dynamic response and frequency regulation [49] 
Hydrogen Storage and Compression
One of the most challenges of P2G is the consideration of the hydrogen storage systems. Although one tries to keep the availability factor of the electrolyser at a high level, the cost (and correlated emissions factor) of the electricity grid will vary due to the intermittency of renewable energy in the power supply and unavoidable mismatch between energy supply and demand. The optimal hydrogen storage volume and the required type of storage are significantly dependent on the configuration and the operating parameters of the systems, as can be seen, the hydrogen storage systems in various pathways can be different [13] .
There are different types of storage methods, including compressed gas either above or underground, liquid hydrogen as well as solid-metal hydrides. The most appropriate type of storage technology depends on the applications, where higher energy density is of great importance for mobile applications, while larger storage capacity and lower cost are required for stationary applications [15] . Consideration of safety and risk of storage systems are a perquisite for the location of any storage technology. Compressed storage tanks are the simplest storage systems, and despite the low storage density, higher pressure results in the higher density of storage and consequently higher costs [78, 79] .
Low-pressure storage has larger capacities with pressures in the range of up to 30 bar, while the higher pressure storage vessels have a maximum operating pressure of 700 bar suitable for on-board storage in hydrogen-based refueling stations [36] . The main issue about hydrogen storage in liquid form is the boil-off losses, which results in instability in pressure and limited time of storage [80, 81] . Storing hydrogen in cryo-compressed tanks can be a solution between pressurised and cryogenic systems [36] . Metal hydride technology is still in its infancy, but has the promise of higher volumetric densities for the storage, at the cost of weight. There is also an emerging technology of hydrogen storage via liquid organic hydrogen carriers (LOHCs). These LOHCs are hydrogenated for storage and dehydrogenated for use, and can make use of existing petroleum distribution infrastructure [82] . Based on different literature, pressurized hydrogen vessels and underground storage are the two most promising options for P2G. However, note that direct hydrogen injection into the natural gas distribution system can provide significant storage capacity for immediate needs without any required investment for additional infrastructure in the near future to medium-term.
Underground storage is another method for large scale, long term storage of gaseous hydrogen, which can be categorized into porous media storage, including depleted oil and gas fields and aquifers and cavern storage, including hard rocks and salt caverns [83] . Adequate capacity and containment, and the sufficient pressure are the primary requirements of underground storage systems that need to be satisfied, but there is an abundance of existing underground capacity, and more than enough for long-term seasonal energy storages requirements. A limiting criteria is the availability of proper geological formations for hydrogen storage. A report from the International Energy Agency (IEA) compares these underground storages from different points of view including safety, economy (capital and operational cost), as well as technical feasibility [32] . The results indicate that salt caverns are the best option for underground storage [36, 84] , however, the storage cost of depleted oil and gas reservoirs seems to be lower based on a study by Lord et al. [85] . The compression pressure levels can vary in the range of 20 to 180 bar for underground storage [86] . Table 2 presents the technical, and economic data for hydrogen storage, compression and purification technologies.
Hydrogen Refuelling Stations
Hydrogen refuelling stations are an essential part of the fuel supply chain for fuel cell vehicles. However, each station can refuel a vehicle in 3 to 5 min, so one station can service many vehicles as with current gasoline refuelling stations. The optimal sizing of hydrogen refueling stations is a challenging task due to the fact that the daily demand, the production method, and the form of hydrogen are changing over time [87] . The range of compression pressures for on-board fuel cell vehicles is around 350-700 bar. Hydrogen is provided at different pressure levels [high, medium, and low) at the refueling station. The higher the pressure of refueling stations, the more that must be invested in compressors. The capital cost of a 700 bar refueling station is about three times more than that of a 350 bar one. Delivering higher-pressure hydrogen to the refuelling station can lower its investment cost [36, 87] .
Economic Analysis
Lord et al. [85] listed the levelized capital cost of hydrogen for underground storage for different methods including salt caverns and depleted oil and gas reserves to be in the range of $1.2-2.2 per kg hydrogen. However, the levelized capital cost of hydrogen storage is strongly dependent on the type of underground storage and the amount of storage. Compressor costs depend to the pressure ratio and their capacities; the cost range is reported in the range of $2000-17,000 per kg hydrogen per hour [80, 88] . A list of hydrogen storage system costs as well as hydrogen compressor cost can be found in [88] which are based on the information obtained from different literature and industry sources. Different literature reported various costs for gaseous hydrogen storage systems based on the storage system pressure and cost; the cost is within the range of $400-1100 for low-pressure storage (up to 200 bar) and $1100-1700 per kg hydrogen for high-pressure storage (up to 700 bar) [78, 89] . For many hydrogen low-pressurized storage tanks based on SA516 Grade 70 carbon steel, the levelized capital cost of hydrogen storage capacity is $980 per kilogram of hydrogen [87] . The technology for the compressors under 180 bar is mature, while that for compressors with higher pressure (700 bar) which are suitable for light duty vehicle refueling station have been recently commercialized [36] . Peng [15] summarized the costs of the several hydrogen purification technologies including PSA. The HENG fed to PSA typically contains 60-90% of hydrogen. Since the hydrogen recovery is relatively dependent on the feed composition, the efficiency which is the hydrogen recovery rate always remained above 82% for underground storage [30] . The range of PSA costs and its related efficiencies are shown in Table 3 [15, 30, 88] . As reported by National Renewable Energy Laboratory (NREL), the estimated cost of hydrogen extraction from PSA should be around $2 to $8 per kg considering the 20% concentration [39] . 
Methanation
Synthesis methane (SNG) can be produced by means of two types of methanation reactors including catalytic and biological reactors. The efficiency of both methanation processes are limited by the Sabatier reaction to a maximum of 80%. The range of cost of catalytic methanation reactors are summarized in Table 3 . As can be seen in this table, there is a large range of cost data for methanation reactors. Table 3 . Costs of methanation processes.
Reference Explanation (Size) Unit Capital Cost ($ CAD Per kW RNG)
Outotec GmbH [77] for 5 MW 560 Outotec GmbH [77] for 110 MW 180 Lehner et al. [92] -400-700 Ausfelder et al. [93] Forecast for 2050 800 E&E Consultants [76] current 2000 future 700 Ueckerdt et al. [94] -1400 SGC Report 2013 [76] for 2.5 MW 3000
Fuel Cell
Fuel cells are an electrochemical technology that converts chemical energy into electricity. They can operate with a wide range of fuels such as natural gas, and liquid fuels. Fuel cells are the key technology for using hydrogen efficiently. Moreover, if pure hydrogen is used for fuel cells, there will be no greenhouse gas emissions. There is a correlation between efficiency and power rate of fuel cell; the higher the efficiency, the lower the power output. The fuel cell market has been growing very fast in recent years; around 80% of the fuel cell applications are stationary, however, high capital cost and lifetime are two limiting factors for fuel cells. Hydrogen forklifts are a fully commercial application currently in use. Capital costs of fuel cells for stationary application are expected to drop to $1700 to $2200 per kW based on the data from U.S. Department of Energy [36] .
Other Technologies
Gas turbines can respond rapidly to the variation of gas quality, when there is a hydrogen enriched natural gas. Assuming P2G directly blended in the pipeline and then delivered to a residential micro CHP system, the higher heating value efficiencies will be~87% which is the useful efficiency at maximum heating output [34, 95] . Data regarding gas turbines, fuel cells and methanations as well as PEM fuel cells are presented in Table 4 . 
Efficiency Assessments of Power-to-Gas Pathways
A schematic figure showing the different pathways is shown in Figure 2 . The overall efficiencies of the different pathways are displayed in Table 5 , along with the main components used in each application pathway. As can be seen in previous tables, there is a wide range of efficiencies for some technologies such as electrolysers and fuel cells, so the efficiency for each pathway is presented within a range as shown in the Table 5 .
The results in Table 5 indicate that the overall efficiencies of the P2G pathways with hydrogen to the end users are higher than renewable natural gas production in methanation reactor, due to the additional energy conversion technologies that lead to more energy losses and lower efficiency. However, methanation does offer the potential for carbon capture [102] . Power to Renewable Natural Gas (RNG) to Pipeline ("Methanation")
Electrolyser, Low-pressure energy storage and compression, Methanation reactor, Gas Clean-up, Injection of Renewable Natural Gas to the Natural Gas Pipeline
40-63% 45-65%
Power to Renewable Natural Gas (RNG) to Seasonal Storage Electrolyser, low-pressure compression, Methanation reactor, Gas Clean-up, Underground storage, Injection of RNG to the Natural Gas Pipeline 34-60% 43-58%
Using hydrogen for heating purposes for residential has an average efficiency of 63%, while utilizing in micro combined heat and power systems (micro-CHP) results in 56% efficiency. Moreover, direct utilization of hydrogen into natural gas pipeline has a higher efficiency compared to the production of electricity from hydrogen which has a round trip electricity efficiency around 25%. The best option for electricity production from hydrogen is via fuel cells which is around 30%, while the efficiency of hydrogen for transportation is about 64%. Seasonal storage can lower the overall efficiency of P2G, but by no more than 10% lower. Power to renewable content in petroleum fuels has an average efficiency of 68% (current) and 72% (future), while a large SMR system has an efficiency in a range of over 70% [17] .
Results indicate that in future years P2G can be competitive with conventional SMR from a technical point of view. However, the P2G cost is currently much higher than SMR, and thus its environmental impact should be considered to be competitive from economic points of view [96] . Improvements in technologies can increase the overall efficiency of P2G pathways in future years, which make them more economically feasible for implementation. The average energy efficiency of each P2G pathway is shown in Figure 3 . 
Impact of Power-to-Gas on Ontario's Energy System
There is a desire to envision a fossil-free economy in the future, but also not to severely impact the economy during the transition. A rapid transition to fossil-free is financially and economically infeasible. In this section, P2G will be presented as an energy policy option that can be used to transition towards a lower carbon economy.
Realizing the full potential of this paradigm shift would be facilitated by fully integrating Ontario's electrical distribution and natural gas distribution infrastructure. Natural gas is low-cost and plentiful in North America and will be a key component of the energy for the future, especially with decarbonizing energy production from coal and Class 8 diesel fuel transportation in the near term. Hydrogen production from electrolysis can provide the electricity system with many flexible operating benefits. As such natural gas system's distribution and storage assets could be leveraged, continue to use effectively and seasonally smooth hydrogen delivery for many industrial applications. As well, the natural gas distribution system can accommodate the blending in hydrogen, known as a P2G, that has the added benefit of "greening" natural gas, or increasing the low-carbon energy content. The use of natural gas systems would allow for a gradual increasing of hydrogen concentration in the distribution system, which results in emission reduction and efficient use of generation capacity in Ontario; consequently, a transition to higher CO 2 -free content in the natural gas stream. Electrolysis capacity can be added incrementally at operationally efficient intersection points of electricity generation or distribution systems as well as natural gas systems. Ultimately, as zero-emissions vehicles increase their market penetration, the use of the hydrogen generation assets for transportation applications as they come on line.
Power-to-gas represents an ideal transition technology concept, in which one can start immediately with a few electrolysers through a Power to Natural Gas End-user pathway, which results in efficient utilization of surplus nuclear and intermittent wind. Over the next 50 or 100 years, (depending on natural gas markets), the transition can be made incrementally in line with economic development to a completely low-carbon hydrogen economy.
Energy storage concepts such as 'Power-to-gas' with hydrogen could immediately and significantly contribute to Ontario's energy management needs, makes use of the current natural gas infrastructure, improves emissions, and provides a transition to the hydrogen economy where major vehicles manufactures are commercializing fuel cell vehicles in the next 5 years. This does not require billions in borrowed funding and can be implemented incrementally starting today using made in Ontario technologies, e.g., with current two manufactures of electrolysers in Ontario. Other energy storage ideas may also provide some of the needed energy storage capacity depending on the application, and notability, Ontario is now running demonstrations of various storage options. Battery energy storage may provide daily energy arbitrage at a facility, but is not suitable for weekly or seasonal energy storage requirements. Thus P2G can be located near generation assets, e.g., wind farms and daily battery energy storage are complimentary energy storage technologies.
The transition could take place in different stage in a short-term and long-term planning. In short term, procurement of a small fleet of zero-emission vehicles should be done and the transition to the use of battery electric vehicles (BEVs) can be increased in off-peak hours with carbon-free electricity. However, in some locations current electricity distribution infrastructure may become saturated. To illustrate, a cluster of home that all use the same transform many overwhelm the duty cycle of the transformer, if all attempt to charge BEVs at the same time. Furthermore, Power to microgrid based on distributed energy technologies can be supported and this can foster the access to the limited hydrogen refueling stations, thus allowing complementary penetration of hydrogen vehicles. Moreover, natural gas fleets Class 8 vehicles including garage trucks and buses start to have increasing sales that all of these movements has a positive impact on Global Adjustment rate in Ontario as more electricity will use in the province for transportation applications. Electrolysis units can be located at refineries displacing SMR hydrogen and increasing the carbon reduced energy content of gasoline, which is equivalent to the reduction of 65,000 vehicles in Ontario, if all the SMR hydrogen is displaced [103] . In the longer-term, such as ten-year time horizon, as more hydrogen vehicles are sold, a commercial fuel distributor would like to build hydrogen refueling stations to increase the penetration of BEVs and FCVs. Of note, a fuel retailer whom is not part of large vertically integrated oil producer would be eager to generate and distribute hydrogen, as it increases the added value of their service. At the same time, renewable natural gas will start to make an impact to address animal waste from agricultural operations, further increasing the renewable content of the natural gas stream. Note, throughout this period no new energy distribution infrastructure is required as the existing natural gas system will be used. Also, as more 'Power-to-gas pathways' develop, there will have a positive impact on the avoidance of need for the expansion of local electrical utility infrastructure, which might have been required if transportation and heating demands were to switch to electricity. In addition to the implementation of more microgrids to support fleets, Power-to-Power can also offset the requirements for the development of electrical distribution infrastructure and facilitate more limited penetration of wind and urban solar. On top of that, large-scale underground hydrogen energy storage in existing natural gas facilities will start and the concentration of hydrogen blending in natural gas pipeline can be increased up to 2% without any modifications for natural gas end users. Power to transportation including rail will have been started after that. Commercial hydrogen locomotives have been demonstrated [104] , so this technology will become commercially viable in say 10-20 years, and consequently, the required hydrogen production infrastructure will be available to meet this emerging demand. Longer term with more FCVs, as commercial companies will build more hydrogen refueling stations. Furthermore, the market penetration of BEVs and FCVs can thus both increase without any modifications and upgrade in the electricity distribution infrastructure. Hydrogen rail infrastructure does not require new rails or electrical distribution assets, which will also the refurbishment of existing or building new nuclear power plants to address increasing demand for energy, heating and transportation needs [105] . For heating purposes, P2G will increase the renewable content of the fuel, reducing the carbon emissions without any adjustments of current appliance in buildings. Note that with electrical generation servicing heating and transportation, there will be a requirement to increase significantly electricity production infrastructure, but P2G will minimize this by more effectively using current generation assets and increasing their net availability. Transition to the low-carbon sustainable economy will happen gradually by implementing hydrogen infrastructure to supply energy demand for different sectors in the province.
The efficiencies shown in Figure 3 will allow policy developers to plan out energy transition plans. Considering Ontario's utility grid systems and natural gas, Power to hydrogen for natural gas end-users or for refineries or for transportation are amongst the most promising options of P2G to be implemented in Ontario, due to the higher efficiency and ready infrastructure. Moreover, the overall efficiencies of P2G pathways with hydrogen to the end-users are higher than renewable natural gas production in methanation reactor, due to the additional energy conversion technologies that leads to the more energy losses and lower the efficiency, however, methanation does offer the potential for carbon capture. Thus, with minimal implementation of infrastructure, P2G can immediately address the need to store and use surplus renewable and nuclear energy in Ontario via a Power to Hydrogen to Natural Gas End-users via hydrogen enriched natural gas (HENG) pathway. Power to Renewable Content in Petroleum Fuels can immediate add in increasing the renewable content of current petroleum fuels with the need to change the current vehicle fleet. As society accelerates the transition to a sustainable low-carbon energy system, the developed electrolysis infrastructure can be implemented to service other energy application pathways. The policy recommendations given above are specifically for Ontario, however, one could generalize them for the whole country.
Summary
P2G should be considered as part of the policy and transition plan for future energy systems to respond to climate change. The abundance and low-cost of natural gas leads to the natural conclusion that realistically the natural gas distribution system and may be the application of natural gas, such a home heating will be a part of the energy mix for medium-term anyways. In this paper, different possible pathways of P2G are presented in details and limitation of the associated technology readiness are discussed. In P2G, hydrogen generated from CO 2 free sources of energy can be injected into the natural gas pipelines and used in current natural gas applications. The mixture of hydrogen and natural gas could also be distributed by pipeline to be separated at the end user for pure hydrogen applications, or fed to a combined cycle turbine to generate electricity that is sent to the grid, with the potential of emission reduction. The separated hydrogen can also be used to meet the demand of industrial hydrogen end-users or as a transportation fuel with the increasing penetrations of fuel cell vehicles. This paper has presented and discussed the associated efficiencies of the various application pathways. With this information, policy makers will be able to develop energy policy transition plans and strategies towards a low-carbon sustainable economy. The use of electrolytic hydrogen from intermittent renewable energy sources and baseload nuclear power will provide needed energy storage and clean emissions free transportation fuels for the energy requirement of the future. More importantly, through the gradual implementation of electrolysis capacity, current energy needs and issues can be immediately addressed, while developing infrastructure capacity for the future.
The technical and economic data of different P2G technologies are presented, and based on that the overall efficiency assessment of each pathways is presented. Results indicates that using P2G as hydrogen for heat purposes has an average efficiency of 63%, while utilizing in micro-combined heat and power systems (micro-CHP) results in 56% efficiency. Moreover, direct utilization of hydrogen into natural gas pipeline has a higher efficiency compared to the direct production of electricity from the hydrogen which is around 25%. The best option for electricity production from hydrogen is via fuel cells which has round trip efficiency of around 30%, while the efficiency of hydrogen for transportation is about 64%. Power to renewable content in petroleum fuels has an average efficiency of 68% (current) and 72% (future), while a large Steam Methane Reforming (SMR) unit has an efficiency in a range of 70%. Results indicate that in future years P2G can be competitive with SMR, from a technical point of view. Improvements in technologies can increase the overall efficiency of P2G pathways in future years by 2 to 5%, which make them more feasible for implementation.
